Abstract. Spray cooling is widely used in today's high power density and heat electronic devices because of its high heat transfer capacity and uniform cooling temperature. In this paper, the spray cooling performance is studied experimentally using a solid-cone nozzle and deionized water as a cooling medium, the optimum spray height of is 10mm for heating surface diameter as 16mm. The maximum heat flux in the experiments is up to 350W/cm 2 on the heating surface (diameter is 16mm). The maximum heat transfer coefficient is up to 6.2W/(cm 2 ·K). The experimental results show that the spray height is the main factor affecting the spray performance.
Introduction
With the rapid increase of power density of the electronic components in last decades, big heat dissipation challenges were encountered to ensure the equipment being under the reliable temperature. Compared with other heat transfer technology, spray cooling has the advantages of strong heat dissipation and low coolant mass flow rate [1] [2] [3] .
In the spray system, operation conditions of the system have a great influence on the spray cooling performance, such as spray pressure and spray height. The spray properties, including spray angle, droplet diameter and distribution, droplet number flux, droplet velocity, and mass flux on the heater, can also affect the spray cooling performance.
Hou [4] studied the critical heat flux under the pressure in the range of 0.6-1.0 MPa, the maximum CHF is up to 276.1W/cm 2 . Wang and Liu [5, 6] studied The best spray height is that spray coverage area and square heating surface are tangential, the conclusion of this paper is slightly different, maybe the reason is that the shape of the heating surface is different, they used the square heating surface, this paper used circular surface, these differences will cause different film spreading rate.
In this paper, the spray cooling performance is investigated experimentally, regarding spray pressure and spray height as variables. These variables will affect the film flow rate on the heat surface, thus affecting the spray cooling effect.
Experimental System and Procedure

Experimental system
The experimental system is shown in Fig. 1(a) . It is mainly composed of cooling liquid circulation system, spray chamber, cooling system and data acquisition and processing system. The cooling liquid circulation system is a system which is supplying cooling liquid, the cooling liquid in the liquid tank is elevated pressure by means of a variable frequency pump, and then flows through the buffer, valve, flow meter, and liquid filter up to nozzle. Meanwhile, the cooling liquid is heated, and flows from the bottom of the spray chamber into the heat exchanger finally, and withdraws the liquid tank by the diaphragm pump. Constant temperature liquid tank keeps the temperature of cooling liquid constant (25℃) in entire process. The spray chamber is an important part of the whole experimental system. The copper block is mounted at the bottom of the spray chamber and surrounded by insulators to ensure the heat dissipation rate other than the heating surface is less than 5%. Only the heating surface at the top is in contact with cooling liquid, so it can be considered as one-dimensional heat conduction situation. The heater block is consisted of two parts, which is shown in Fig. 1(b) , the following part is a cube that edge length is 40mm, there are 6 holes whose diameter is 10mm, spacing of up and down is 2.5mm, interval of left and right is 6.7mm through the cube to place heater stick which power is 900W. And there is also a cylinder that diameter is 16mm and height is 20mm above the cube. 4 thermocouples whose diameter is located the cooper, three of them installed at the cylinder and the depth is 8mm, moreover, their distance is 4mm; another one fixed the bottom of the heater, whose depth is 20mm. The nozzle is used to atomize the cooling liquid. The nozzle spray height can be adjusted by the screw.
The cooling system of the spray chamber and cooling liquid is consisted of a constant temperature water tank and a heat exchanger. One of the main functions of the cooling system is keeping constant temperature in spray chamber which is closed to the actual environment as possible. Furthermore, the cooling liquid is at a constant temperature.
Data collection systems include computers, data loggers, K-type thermocouples, pressure sensors and flow meters. The schematic of the spray cooling system is shown in Fig. 1(a) . In addition, the Experimental equipment information is illustrated in Table. 1. 
Experimental Procedure
Specific experimental steps are as follows:
(1) Before each of experiments, heat exchange surface is polishing with 1200mu sandpaper and clean it with distilled water.
(2) At the same time, turn on the cooling system and circulatory system equipment to make all parameters reach steady state.
(3) Adjusting the power regulator and inputting the prospective power load (900W) on the heater system, and the temperature data is collected using a digital acquisition system.
(4) Until the temperature change less than 0.1℃ then record data of each thermocouple.
(5) Adjust the spray pressure and height and repeat the above steps.
Data processing and Error Analysis
Fourier's law is used to calculate the surface heat flux density. Where V is the voltage of the power, I is the current of the heating source, the product of voltage and current is heating power, which is divided by the heat exchange surface area A to obtain the surface heat flux density q.
Getting the temperature value measured by four K-type thermocouples, substitute to the Fourier's law can obtain the surface temperature T sur , where λ is the copper thermal conductivity.
The heat transfer coefficient h is calculated According to Newton's cooling formula.
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The error of temperature and pressure values measured in this experiment is less than 1% and 2% respectively, and the overall heat dissipation rate is less than 5%. Fig. 2 shows the heat flux at three different spray pressures and two heights. Fig. 3 shows the heat transfer coefficient at different spray pressure and spray height. have a greater impact on the heat transfer coefficient, the heat transfer coefficient of the boiling zone compared with non-boiling zone have a substantial increase, because it goes into the nucleate boiling zone [7] .
Results and Discussion
It can be seen from these two pictures that heat flux and heat transfer coefficient are increasing with wall temperature. At the same spray heights are the same, the increase of the spray pressure has a little effect on the surface temperature at the same heat flux, spray pressure is 3 bar and 4 bar, slightly higher than the spray pressure of 2 bar. Although the spray pressures of 3 bar and 4 bar have a little effect on the heat flux at the same spray height, the different heat pressures still have obvious influence on the heat transfer coefficient. The difference heat transfer coefficients between the maximum and minimum at 20 mm height and a wall temperature of 80℃ is almost 0.35W/(cm 2 ·K). Maybe the reason is that when the spray pressure is 2 bar, the impact velocity of spray droplets is lower than that under higher spray pressure, therefore convection heat transfer between the wall film and heating surface is lower than that under higher spray pressure [8] . At the same spray pressure, with the reduced of the spray height, wall heat flux increase at the same heating surface temperature [9] . When the heating surface temperature is 80℃ and the spray pressure is 3 bar, the heat flux is 290W/cm 2 at 14mm spray height, while the heat flux is 180W/cm 2 at 20mm spray height. Spray height also has some impacts on the heat transfer coefficient. The spray height has obvious influence on the heat transfer coefficient, under the same pressure, the lower the spray height; the larger the surface heat transfer coefficient was achieved. Taking a spray pressure of 3 bar and wall temperature of 80℃ as an example, the heat transfer coefficient at 14mm spray height is about 1.5 times at 20 mm spray height. The reason for this phenomenon is that when the spray height is 14mm, the spray cone angle is tangent to the heat exchange surface, and the sprayed liquid all falls on the heat exchange surface for effective heat exchange, and when the spray height is 20mm, the spray cone angle is greater than heat transfer surface, not all of the liquid jet landed on the surface, resulting in some of the droplets didn't conduct an effective heat exchange [10] . The above results indicate that spray height is the main factor that affects the spray cooing performance. Thus, the other two spray heights are also studied. The relationship between spray height and heat transfer coefficient is illustrated in Fig. 4 . It can be seen that at the same heat flux, the heat transfer coefficient at the spray height of 10 mm is better than that at 14 mm. At 10 mm spray height, the wall film is strongly disturbed by droplet, spilled liquid from the wall film together with the incoming droplets from the nozzle form a film that flows outside, thus the wall film covers the entire surface and affects the spray performance. This result is consistent with Tao [11] and Cheng [12] .
Conclusions
The main conclusions in this paper are as follows:
(1) At the same spray pressure, the lower the spray height, the higher the heat transfer coefficient, the larger the heat flux. Both heat flux and heat transfer coefficient increase with spray pressure increasing.
(2) The spray height is the main influence factor of the experimental results. When the heat flux is constant, the heat transfer coefficient increases first and then decreases with the spray height drop.
(3) It can be concluded from this experiment that the maximum heat transfer coefficient is 6.2W/(cm 2 ·K) at 10mm spray height.
